The hepatitis B virus particle consists of an envelope carrying the surface antigen of the virus and an internal capsid consisting of the core antigen (HBcAg). The internal capsid contains the circular, partially dsDNA genome and the viral polymerase. Empty core particles have been produced in Spodoptera frugiperda cells using a recombinant baculovirus vector, YM 1KTc, that expresses a 21.4K derivative of the HBcAg gene. The particles have been purified to homogeneity by caesium chloride density gradient centrifugation followed by glycerol gradient centrifugation. Physicochemical analysis of the core particles showed that they exhibited a sedimentation coefficient (s°0,w) of 82.5S and a diffusion coefficient (D) of 1.28× 10 -7 cmVs. The Mr obtained by substitution of these values in the Svedberg equation was 5.8 x 106, using a partial specific volume of 0.73 ml/g for the viral protein as estimated from the amino acid composition. The Mr determined from sedimentation equilibrium analyses was 6-3x106. Spectrophotometric and metabolic labelling analyses failed to detect nucleic acids in the core preparations. The data are at variance with the prediction that cores exhibit a T=3 symmetry and contain some 180 subunits. The results suggest that the baculovirusexpressed cores may contain up to 300 subunits of HBcAg protein.
Hepatitis B virus (HBV) is an important human pathogen that has a world-wide distribution. Epidemiological studies have shown that the virus causes hepatocellular carcinoma in man in addition to hepatitis. Complete HBV particles consist of a 42 nm doubleshelled particle composed of a 7 nm lipid-containing outer shell and a 27 nm electron-dense inner core (Dane et al., 1970) . The outer envelope of the virion contains the surface antigen of the virus (HBsAg). The envelope and its associated protein can be removed by treatment with non-ionic detergents, such as Nonidet P-40. The derived core particles contain the antigenically distinct virusspecified core antigen (HBcAg), the viral partially dsDNA genome and the virus polymerase (Kaplan et al., 1973) . The core protein has been reported to have protein kinase activity (Albin & Robinson, 1980) .
As shown by the expression of the core protein gene in suitable vectors (Pasek et al., 1979; Takehara et al., 1988) , cores may assemble in the absence of HBsAg, the viral DNA or the viral polymerase components. Since the baculovirus-expressed core particles exhibit sizes and antigenic properties similar to those derived from human sources (Takehara et al., 1988) , an analysis has been undertaken of their physicochemical properties.
For expression by a baculovirus vector, the appropriate DNA sequences of an HBcAg gene (adw serotype) lacking the precore coding sequences were placed under the control of the polyhedrin promoter of a recombinant Autographa californica nuclear polyhedrosis virus to give recombinant baculovirus YMIKTc and then expressed in Spodopterafrugiperda cells (see Takehara et al., 1988) . The expressed sequences correspond to a 21.4K protein, encoded by the sequence between the methionine at HBV nucleotide residues 1901 to 1903 and the termination codon at residues 2456 to 2458 (see Ono et al., 1983; Takehara et al., 1988) . As the initial stage of purification, sonication was employed to disrupt the cell membranes and to release the intact core particles. The majority of cell debris was separated from the core particles by caesium chloride centrifugation but two contaminant proteins of Mr 66000 and 57500, as identified by SDS-PAGE, routinely sedimented to the same density equilibrium position in the gradient as the HBcAg. The use of a shallow glycerol gradient system was required to remove these components. The expressed HBV core particles were purified to homogeneity by this procedure as assessed by electron microscopy ( Fig. 1 ) and shown to contain a single protein species, the HBcAg, by SDS-PAGE analysis ( infected at a density of 1.6 x 106 cells/ml by inoculation with recombinant virus at an m.o.i, of 5 p.f.u./cell. The electron micrograph shown in Fig. 1 of the purified cores illustrates the regular structures of the particles, with no evidence of aggregates or overt damage to the particles being evident (Fig. 1 ). The particle diameter by this method was estimated to be of the order of 28 nm. A value of 35 nm for the hydrated core particle in solution was obtained by photon correlation spectroscopy. The Mr of the single component polypeptide of the core particle was estimated by SDS-PAGE, by comparing its mobility to those of protein standards. The Mr was determined to be of the order of 21K in excellent agreement with the value of 21 394 derived by DNA sequencing (Takehara et al., 1988) .
A preparation of core particles prepared by one cycle of caesium chloride centrifugation exhibited three species in sedimentation velocity studies of a 3 mg/ml solution; these had migrations of 71.3S, 62-5S and 11.0S, respectively. The peak of highest sedimentation coefficient predominated and accounted for well over 50 ~ of the protein present. Following gradient centrifugation on a shallow glycerol gradient, this component was obtained in essentially homogeneous form (99~), as shown by a Fig. 2 . S. frugiperda cells infected with recombinant baculovirus (YM 1KTc) were sonicated 4 days post-infection and then centrifuged to remove cell debris. HBcAg was purified from the resulting supernatant by caesium chloride centrifugation (initial density 1-25 g/ml) at 36000 r.p.m, for 16 h, the visible white band of core particles was collected and dialysed overnight against 10 mM-Tris-HCl pH 7-4, 1 mM-EDTA and 0.5 M-NaCL Aliquots of the dialysate (1 ml) were layered onto a step glycerol gradient (10 to 30~ w/w, 5~ steps) made up in the same buffer. After centrifugation at 35000 r.p.m, for 3 h the gradient was fractionated and the fractions containing HBcAg were identified by SDS-PAGE using a 10~ slab gel. After pooling, aliquots of the HBcAg were run on a 10~ slab gel (lanes 1 and 2) together with Mr markers (lane 3) and the proteins stained by Coomassie blue (Laemmli, 1970) . The Mr values are indicated.
single symmetrical peak on sedimentation velocity. The sedimentation coefficient of the core particle corrected to water as solvent at 20 °C and extrapolated to zero concentration 0 (s20.w) was calculated to be 82.5S (Fig. 3) . The determination of the diffusion coefficient (D) required recourse to the technique of photon correlation spectroscopy, which gave a value of 1.28 x 10 -7 cm2/s for a 1.0mg/ml solution in 10mM-Tris-HC1 pH 7.4, containing 1 mM-EDTA. The partial specific volume (~) of the HBcAg, calculated from the amino acid composition, was 0.73ml/g, a value commonly assumed for proteins in the absence of any other information. When substituted in the Svedberg equation (M=RTs/D(1-~p)) these values for the s:0 ,° w, the diffusion coefficient and ~ gave a value for the Mr of 5"8 × 106. (0) were corrected to the standard reference of water as solvent (20 °C) and are extrapolated to infinite dilution to yield s°20.w. The methods are described fully in standard texts (e.g. Bowen, 1970) . Also shown are the data for experiments undertaken in D20 (O).
The Mr of the cores was determined independently by meniscus-depletion equilibrium sedimentation (Yphantis, 1964) in a Model E ultracentrifuge using Rayleigh interference optics. Experimental plots of r 2 (r is distance from the axis of rotation) versus log lo c (log of concentration of the protein expressed as fringe displacements) were linear (Fig. 4 ) and plots at 24 h and 36 h were closely coincident (Fig. 4) . The large Mr of the particles necessitated the use of very low centrifugation speeds. However, with the AN-H titanium rotor the r.p.m, were verified by an odometer and were found to be within 0"570 of the set value throughout the centrifugation and during the periods of measurement. The Mr for the cores derived from these experimental data was calculated to be 6.4 x 106. For the reason discussed later the value for ~ was also checked by direct estimation from sedimentation equilibrium experiments, under the same conditions in the presence of H20 and D20 (Edelstein & Schachman, 1973) . This gave a value of ~ of 0-76 ml/g, compared to the value of 0.74 ml/g determined from sedimentation velocity experiments in H20 and (Gagan, 1966) . These were broadly consistent with the value derived from the amino acid composition. Using the 0.76 ml/g value for the calculation, the Mr of the core particle from the sedimentation equilibrium experiment in DzO was calculated to be 6.3 x 106, in good agreement with the prior calculation. The most likely source of significant error in the determination of Mr is that of ~ because this appears in the relevant equation as (1-~p). An error of 1 ~o in ~ is therefore magnified approximately threefold in the calculation of
Mr.
Analysis of HBcAg core preparations for associated nucleic acids after phenol extraction of 1 mg of purified cores failed to detect RNA or DNA when the extracts were resolved by gel electrophoresis and the gels were stained with ethidium bromide. An estimation of the amounts of nucleic acids in cores, from A measurements (over the range 240 to 300 nm) for cores solubilized in the presence of 0.5~ SDS (Warburg & Christian, 1941) and by comparison to ribonuclease A and bovine serum albumin protein standards, gave an upper limit of less than 0"7~o of the capsid weight. By metabolic labelling procedures, the amount of RNA associated with capsids was determined to be less than 0-0005 ~ of the capsid weight. This was assayed using [5,6-3H] uridine during the infection course to label RNA and by measuring the maximum amount of label associated with 1 mg of purified capsid particles. The amount of RNA was calculated after determining the specific activity of the labelled viral and cellular RNA recovered from the infected cells.
Comparison of the single component polypeptide of the cores (M r 21400) with that of 5.8 x 106 to 6.4 x 106 found for the Mr of the core particle would indicate that the latter is formed from the assembly of 285 + 15 subunits. A clue to the assembly process of cores might come if partial aggregates of the expressed HBcAg were similarly analysed. The component of sedimentation coefficient l lS (approximate), observed in the preparation obtained from the CsC1 gradient, could be a candidate for further physicochemical analysis.
The HBV core is believed from electron microscopic analyses to be icosahedral in shape, resembling the capsids of non-enveloped viruses known to have T = 3 or T = 3-like structure. Some similarity between the amino acid sequence of the HBV capsid protein and those of picornavirus proteins has been noted which suggests that folding and secondary structure might be similar. Isometric viruses such as those of picornaviruses that are similar in size to the HBV core particle (28 nm diameter) have a composition that conforms to the T = 3 number. Prior predictions on the subunit number of HBV cores have been made based on a T = 3 structure (Argos & Fuller, 1988) . However, the T = 3 symmetry requires only 180 subunits and according to our observations the HBV capsid consists of up to 300 subunits. The direct determinations of the particle mass that we have made in these analyses are therefore at significant variance with the assumed subunit number and, if correct, tend to discount a T = 3 symmetry as a possibility. In relation to possible errors in the calculations that have been undertaken, if the expressed core particles contained denser materials (such as nucleic acids or Fe atoms) the magnitude of ~ and the calculated number of subunits would be decreased. However, a ~ value of <0-6 ml/g would be needed to give an Mr consistent with 180 subunits. This would be remarkable, but not without precedent. For proteins, values of ~ as low as 0.6 ml/g have been reported for the 8Fe : 8S ferredoxins (Mr 6000) of Clostridium spp. (Edelstein & Schachman, 1973) . For the HBcAg core protein there is no evidence of the inclusion of material, such as any significant amount of nucleic acids, that might alter the property of the particles or their subunits in this regard; moreover, the value of ~ determined directly by independent methods was in the expected range, i.e. 0.73 to 0.76 ml/g. On the basis of its electrophoretic behaviour it has been assumed that the HBcAg expressed by the recombinant baculovirus has an Mr of approximately 21400. However, no account has been taken of any post-translational modification that might affect this Mr (e.g. amino-or carboxyterminal modification, or at internal sites on the protein). To obtain an Mr consistent with 180 subunits in the particle, an Mr of some 33K to 35K is required. It would be highly remarkable if a protein with an apparent size that agreed with its predicted size actually had an Mr that was 50~ larger.
It therefore may be concluded that, in the absence of further evidence, the HBcAg produced by the expression vector YM1KTc has an Mr of around 6 x 106 and corresponds to a composition of some 300 subunits. Although the symmetrical organization cannot yet be identified or deduced from these figures, one possibility is that the protein is composed of 60 pentamers.
It is possible that the absence of HBV nucleic acids and polymerase components affects the process or completion of the normal formation process of core particles expressed in insect cells. The consistent uniformity in size and shape of the particles indicates that whatever the mechanism employed for assembly it is executed with high fidelity. Physically, the structures resemble those reported for cores recovered from patients, or those expressed in other heterologous systems (e.g. bacteria). Since there are four cysteines within each subunit of the core protein it is possible that intramolecular disulphide bonds may be formed. These disulphide bonds, if present, may assist in stabilizing the proteins and establishing the quaternary structure of the core particle. The C terminus is unusually rich in arginine, serine and proline residues and it is believed that these sequences interact with the HBV genome within the nucleocapsid because such sequences resemble protamine and other DNA-binding proteins (Tiollais et al., 1985) . Additionally, this region may also be involved in determining the secondary protein structure.
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